INTRODUCTION
Iron is an essential transition metal for living organisms that plays a crucial role in processes such as oxygen transport, respiration and DNA synthesis. However, it can be seen as a potential problem due to Fe 2 + ions via Fenton and Haber-Weiss reactions, producing ROS (reactive oxygen species) such as hydroxyl radical or superoxide, which are capable of damaging most cellular components, such as nucleic acids, proteins or membrane lipids. At physiological pH and in the absence of counter ions to increase its solubility, Fe 3 + exists mainly as insoluble iron hydroxide. To avoid the deleterious effects of ROS, cells have developed mechanisms of protection, and of sequestering and storing iron in a non-toxic form. Mechanisms used to protect cells against ROS include the accumulation of anti-oxidant species, such as ascorbic acid or β-carotene, and expression of specific enzymes. Some of these catalyse elimination of ROS, whereas others confer DNA protection or are involved in DNA repair. Peroxidases, catalases or superoxide dismutases, belonging to the ROS detoxifying enzyme family, are generally present in aerobic organisms [1, 2] . To minimize ROS production, and simultaneously deal with iron bioavailability, organisms use a family of proteins, the Ft (ferritin) family, that are able to oxidize Fe 2 + ions and store large amounts of iron in a ferric oxide mineral form, inside a hollow protein shell, formed by the assembly of 12 or 24 subunits of approximately 20 kDa. These large oligomers, found in both eukaryotes and prokaryotes, share threedimensional structural features, although with divergent primary structure, especially in bacteria [3, 4] . Oxidation of iron occurs at both the ferroxidase and nucleation sites, and results in the ferric oxide mineral core formation. Members of the Ft family can be grouped into three main classes: Fts, Bfrs (bacterioferritins) and DPSs (DNA-binding proteins from starved cells). In the first two classes, often grouped in a single maxi-Ft class, the oligomer is comprised of 24 subunits that oxidize iron, mostly using O 2 as cosubstrate [4, 5] . The oxidation of Fe 2 + ions is described to occur in a ferroxidase site located in the middle of each subunit [6] . Bfr differ from all of the other members of the Ft protein family due to the presence of a non-covalently bound haem group at the interface of each dimer, axially co-ordinated by two methionine residues from adjacent monomers [7] . Bfr enzymes contain 12 haem groups, in most cases of the b-type, per oligomer. The haem group seems to be involved in Fe 3 + mineral reduction and the releasing mechanism from the nanocavity [8] . DPSs or mini-Fts, on the other hand, are assemblies of 12 subunits that generally use H 2 O 2 to oxidize Fe 2 + [9, 10] . Although only some DPS proteins, namely the ones isolated from Escherichia coli, Bacillus brevis or Mycobacterium smegmatis, are able to bind DNA [11] [12] [13] , they all can protect it from ROS-induced oxidative damage [2, 14, 15] . This detoxifying activity, associated with the ability to use H 2 O 2 as oxidant, can be vital to pathogens, such as the anaerobic bacterium Porphyromonas gengivalis, which lack catalase and are still able to survive the oxidative stress imposed by macrophages [16] . Unlike Fts and Bfrs, in most known DPS three-dimensional crystal structures, the iron-binding centre is located at the two-fold intersubunit interface, with each iron ion bound by amino acid side chains from two adjacent monomers [12, 17] .
Iron oxidation at the ferroxidase centre has been the target of several kinetic, spectroscopic and structural studies. Fast kinetic [stopped-flow and RFQ (rapid freeze-quench)] coupled to UV-visible and Mössbauer spectroscopic studies revealed the formation of several catalytic intermediates, including the initial intermediates of recombinant frog H-type subunit ferroxidase reaction [18] . A rapid and parallel formation of multiple Fe 3 + dimers was observed in the reaction of H-type Ft with Fe 2 + and O 2 revealing the structural plasticity of the protein [18] .
A Bfr isolated from the anaerobic bacterium Desulfovibrio desulfuricans is unique in the sense that it contains a Fecoproporphyrin III haem co-factor [19, 20] . The protein was isolated with a fully occupied diferric ferroxidase centre [21] .
Analysis of the Desulfovibrio vulgaris Hildenborough genome allowed us to identify Bfr and Ft encoding genes. Although the co-expression of different proteins from the ferritin family in bacteria is not an uncommon fact, one of the questions that remains unanswered is the physiological role of Bfr in an organism that co-expresses a Ft. In order to gain information on the iron metabolism of the sulfate reducer D. vulgaris Hildenborough, we have overexpressed Bfr in E. coli. Seeking a non-redundant function, the present study revealed that D. vulgaris Bfr adopts a detoxification role, behaving as a DPS. D. vulgaris Bfr binds to DNA and reduces the damage of ROS by the rapid uptake and oxidation of free Fe 2 + , using H 2 O 2 as the oxidant. To our knowledge, this is the first report describing a DNA protection process due to the binding of a Bfr-type protein. Thus we propose that Bfr is part of the oxidative stress resistance system in D. vulgaris. For a long time described as an obligate anaerobe, the bacterium D. vulgaris is now known to grow on O 2 -exposed environments. In fact, in O 2 -gradient environments this denitrifier can be found at a very low O 2 concentration, instead of in an anoxic stratum [22] . This means that ROS detoxifying mechanisms, in this bacterium, should be more important than what had been foreseen. Even though D. vulgaris can survive long periods of air exposure, very small amounts of O 2 can affect its growth in a negative way [23] . Furthermore, a PerR (peroxide regulon repressor; a major oxidative stress sensor regulator) regulon was identified in this bacterium, and its predicted transcripts shown to be up-regulated during low O 2 and H 2 O 2 exposure [24, 25] . Genes regulated by this repressor are known to include a DPS homologue in other bacteria.
EXPERIMENTAL

Cloning and protein overexpression
D. vulgaris Hildenborough genomic DNA was isolated with a standard CTAB (cetyltrimethylammonium bromide)-DNA precipitation method [26] . The Bfr coding sequence was amplified using two specific oligonucleotide primers homologous with the 5 -and 3 -ends, which also included restriction enzyme recognition sites (NdeI in the forward primer and EcoRI in the reverse primer). The PCR product was purified from 0.8 % agarose gels with GFX PCR DNA and a Gel Band Purification kit (GE Healthcare) and then cloned into pET-21c( + ) (Novagen). The resulting overexpression vector was used to transform E. coli BL21(DE3) competent cells. Cells were grown at 37
• C and 180 rev./min, in 500 ml of 2× YT medium [1.6 % (w/v) tryptone/1 % (w/v) yeast extract/0.5 % NaCl] supplemented with 100 μg/ml ampicillin until an attenuance at 600 nm of about 2. Protein expression was induced with 0.1 mM IPTG (isopropyl β-D-thiogalactopyranoside). Simultaneously, 500 ml of fresh growth medium was added to the culture. The culture was grown overnight, at the same temperature and shaking. Cells were harvested by centrifugation (11 000 g for 10 min at 4
• C), resuspended in 20 mM Mops buffer (pH 7) and frozen at − 80
• C. After disruption with a French Press, and centrifugation at 8000 g for 20 min at 4
• C, the soluble fraction was recovered through ultracentrifugation at 40 000 rev./min for 90 min at 4
• C using a Beckman Coulter type 45T rotor.
Protein purification
Purification of rBfr (recombinant Bfr) was carried out at 4
• C and pH 7. Protein concentration steps were performed in a Diaflo apparatus with an Ultracel Y50 membrane (Amicon). The purity of rBfr was assessed by SDS/PAGE (12.5 % gel) and UVvisible spectroscopy. The dialysed ultracentrifuged supernatant was applied on to a DEAE-Sepharose Fast Flow column (2.6 cm×30 cm; GE Healthcare), equilibrated with 20 mM Mops buffer. After elution of the unbound proteins with equilibration buffer, a linear gradient of 0-500 mM NaCl was applied. The rBfrcontaining fractions were pooled, concentrated, dialysed against 20 mM Mops buffer and applied to a Q-Sepharose Fast Flow column (2.6 cm×21.5 cm; GE Healthcare), equilibrated in the same buffer. Elution of bound proteins was achieved with a linear gradient, 0-700 mM NaCl, in the same buffer.
Protein and metal determination
Protein determination was performed with a BCA (bicinchoninic acid) kit (Sigma-Aldrich) using BSA as a standard. In the present paper, and unless otherwise stated, protein concentration is expressed per 24-subunit oligomer. The apo-protein's molar absorption coefficient at 280 nm was determined through the method developed by Gill and von Hippel [27] . The sequence of the first 20 amino acids of the N-terminal region of the purified protein was confirmed by Edman degradation on an automatic sequenator (Applied Biosystem model LC491, Analytical services laboratory at Requimte). ICP-AES (inductively coupled plasma atomic emission spectroscopy) (Analytical services laboratory at Requimte) and a 2,4,6-tripyridyl-s-triazine (Sigma) assay as described by Fischer and Price [28] were used for iron content analysis.
Spectroscopic methods
For UV-visible measurements a Shimadzu UV-265 split-beam spectrophotometer connected to a computer was used. To acquire Mössbauer spectra, a weak-field spectrometer, operating in transmission geometry in a constant acceleration mode, was used. The zero velocity of the Mössbauer spectrum is referred to the centroid of the room-temperature spectrum of a metallic iron foil. The spectrometer is equipped with a Janis Closed Cycle He gas Refrigerator cryostat with sample temperature range from 4.5 K to 325 K. Mössbauer spectra analysis was performed using the program WMOSS (SEE co.).
RFQ Mössbauer sample preparation
RFQ Mössbauer samples were prepared using a Bio-Logic SFM-300 equipment, controlled by an MPS 60 unit also from Bio-Logic, fitted with custom-made ageing hoses from Update Instrument. The concentrations of protein, H 2 O 2 and 57 Fe solutions after mixing were 40 μM, 4 mM and 1.44 mM respectively. Protein solution was prepared in an aqueous solution of 0.2 M Mops buffer and 0.2 M NaCl (pH 7). 57 Fe and H 2 O 2 solutions were prepared in milliQ water. The protein, H 2 O 2 and 57 Fe solutions were loaded into 10 ml syringes, pushed through the mixer and ageing hose, and sprayed into a quenching bath containing isopentane at − 140
• C. After spraying the sample into the funnel containing the cold isopentane, the sample was allowed to stand for approximately 10 min, allowing the crystals to settle. The frozen ice crystals of the reaction mixture were then packed firmly into a Mössbauer sample cell. The temperature of the isopentane bath was monitored with a K-Type Thermocouple (Bioblock Scientific), and maintained by both constant stirring and addition of liquid nitrogen to the outer jacket of the quench bath. The device used to collect the crystal to the Mössbauer sample cell was similar to the one described previously by Ravi et al. [29] . During sample handling, the Mössbauer sample cell was kept in contact with viscous isopentane. Control samples were prepared without H 2 O 2 .
57 Fe solutions were prepared from a 57 Fe-enriched FeSO 4 stock solution ( 95 % enrichment made from an enriched metal foil). When judged necessary, a glove box system was used (less than 1 ppm; UNILab, MBraun).
Iron uptake assays
Iron uptake by rBfr was monitored at 310 nm in a 8453 UVvisible spectrophotometer (Agilent Technologies) connected to a computer using UV-visible ChemStation software (Agilent Technologies). To determine the preferential oxidant, 1.5 μM rBfr in 0.2 M Mops buffer (pH 7) and 0.2 M NaCl was reacted with oxygenated buffer or with H 2 O 2 (575 μM), and a molar excess of 240 of a freshly prepared acidic FeCl 2 solution. To determined maximum iron load, stepwise additions of 12 μM FeCl 2 followed by 72 μM H 2 O 2 were made under aerobic conditions to a 3 ml-stirred quartz cuvette containing 0.5 μM rBfr in 0.2 M Mops buffer (pH 7) and 0.2 M NaCl. The maximum iron oxidation/storage capacity was determined by plotting the absorbance at 310 nm compared with the Fe 2 + /protein molar ratio.
DNA protection assays
In vitro DNA protection against hydroxyl radical activity was assessed using the pDNA (plasmidic DNA) pGEX-6P-1 (∼ 4900 bp; GE Healthcare) in 0.2 Mops buffer (pH 7) and 0.2 M NaCl. pDNA (12 nM) of was allowed to react with 6 μM of rBfr, rBfr preloaded with 100 Fe 2 + ions and an excess of H 2 O 2 , or rBfr pre-incubated with 12 haems per protein molecule, for 10 min at room temperature (21
• C). After incubation of the protein with pDNA, 76 μM FeCl 2 and 1.15 mM H 2 O 2 were added to promote the Fenton reaction, and the resulting mixture was incubated at room temperature for 10 min. To stop the reaction, 2 % SDS was added followed by heating at 85
• C for 2 min. For the hydroxyl radical DNA degradation control no rBfr was added to the reaction mixture.
The DNase protection assay was performed using 13 μM rBfr that was allowed to interact for 10 min at room temperature with 15 nM pDNA in 0.2 M Mops buffer (pH 7) and 0.2 M NaCl, prior to the addition of 1.2 μg/μl DNase I (Sigma). This was followed by a 10 min incubation at room temperature. The control was prepared with no rBfr. The reactions were stopped by addition of 3 mM EDTA and incubation for 5 min at 65
• C. The results of both assays were analysed by 1 % agarose gel electrophoresis, stained with SYBR safe DNA gel stain and imaged with Safe Imager TM from Invitrogen in a Gel Logic 100 imaging system (Kodak)
EMSAs (electrophoretic mobility-shift assays)
The DNA-binding ability of D. vulgaris rBfr was tested by EMSA using supercoiled plasmid DNA (pUC19, 2686 bp), or a synthetic 20-bp DNA (5 -AAACCCGAGAGAGTACGAAC-3 and complementary oligonucleotide; STABVida, Portugal) as probes. To prepare the duplex DNA form, equimolar amounts of complementary oligonucleotides were heated at 95
• C for 2 min and slowly cooled to room temperature.
Supercoiled pUC19 (10 nM) was incubated at room temperature with rBfr (between 0.25 and 12 μM) for 10 min, in 50 mM Mops buffer (pH 7) and 50 mM NaCl in a total volume of 10 μl. In a control reaction, rBfr was replaced by BSA (4.4 μM).
EMSA (5 μl of each reaction) was performed using 1 % agarose gels in 1× TAE buffer [40 mM Tris-acetate and 1 mM EDTA (pH 8)], run at 80 V at room temperature for 1 h 45 min. The results were visualized with SYBR Safe DNA gel stain and imaged with Safe Imager TM in a Gel Logic 100 Imaging System. Binding to short DNA duplex assays contained 0.83 μM of 20-bp DNA and rBfr (5.75-23 μM) in 50 mM Mops buffer (pH 7) and 50 mM NaCl in a total volume of 10 μl. The mixture was incubated for 10 min at room temperature and analysed in an E-Gel ® CloneWell TM SYBR Safe system (Invitrogen) with 2 % agarose gels run for 1 h. All of the DNA-binding experiments were performed, at least, in triplicate.
The electrophoretic images were processed and analysed (free DNA and DNA-protein complex bands) using ImageJ (http://rsbweb.nih.gov/ij/) following the program instructions [31] . The relative DNA-protein complex formation was plotted as a function of protein concentration and fitted to the Hill
where f is the fractional saturation, f max corresponds to 100 % complex formation, [rBfr] is the concentration of the binding protein, n is the Hill coefficient and K d represents the macroscopic apparent dissociation constant and is a measure of the affinity of the protein to DNA. For densitometric quantifications, regions above the free DNA band were considered as complexes. (Figure 1 ) revealed that the residues identified as axial haem ligands and the iron ferroxidase centre are all conserved. On the basis of its homology with E. coli Bfr [6, 32] [33] . Thus the latter was used to determine rBfr concentration in all of the experiments.
RESULTS
Amino acid sequence analysis of D. vulgaris Bfr and comparison with other known Bfr primary structures
The UV-visible spectrum of isolated rBfr (results not shown) exhibits a major absorption band at 280 nm. Two other small bands, attributed to a minor amount of haem, are also visible at 414 nm (Soret band) and around 535 nm. Upon reduction with sodium dithionite, the Soret band is shifted to 427 nm and the 535 nm band originates α and β bands, with maximum absorption at 559 nm and 529 nm respectively. This spectroscopic behaviour is typical of other Bfrs, in particular of E. coli Bfr, the most well-studied of this class of enzymes [34] . In the experimental conditions tested, consecutive Fe 2 + and H 2 O 2 additions to D. vulgaris rBfr, monitored by UV-visible spectroscopy, allowed establishing a maximum iron incorporation ratio of about 600 Fe 2 + per rBfr ( Figure 2B ). This value is small compared with the theoretical maximum number of iron atoms of 4500 that can be accommodated as hydrous ferric oxide mineral core into the central cavity of mammalian Ft [7, 35] . Nevertheless the low number obtained is not an unusual occurrence in the literature, since for most Fts and Bfrs described, the maximum number of irons incorporated is frequently well below the theoretical one [7] . One particular interesting feature of the data is that up to 48 Fe 2 + /protein the data points do not follow the linear relationship plotted, which suggests the formation of different ferric species for substoichiometric iron loads, a suggestion that is confirmed by the Mössbauer data presented below.
To investigate the iron oxidation mechanism by D. vulgaris rBfr in the presence of H 2 O 2 we prepared RFQ Mössbauer samples between 25 ms and 2 min (the 2 min sample was prepared using the RFQ apparatus to ensure a mixing equivalent to other samples). Representative low-field Mössbauer spectra at 4.2 K are shown in Figure 3 (full-time course analysis is not under the scope of the present study and will be presented in a follow-up report). Figure 3 ) of the 0.7 mm/s, 1.2 mm/s and 1.7 mm/s quadrupole doublets representing the three oxy-dimers observed on the rapid aerobic oxidation of Fe 2 + ions by recombinant bullfrog H-type subunit Ft [18] . These catalytic intermediates have been spectroscopically characterized and were attributed to dinuclear Fe 3 + species formed during Fe 2 + oxidation by bullfrog Ft using O 2 . The additional broad feature extending from − 9 mm/s to 9 mm/s gains intensity at longer reaction times and was explained as a superparamagnetic species designated by the authors as 'young core', corresponding to a small sized Fe 3 + mineral. Figure 4 shows the Mössbauer spectra obtained for a sample prepared with 240 Fe 2 + /protein and reacted with an excess of H 2 O 2 . The spectra were acquired at two different temperatures. Whereas at 6 K the spectrum (Figure 4 , spectrum A) can be described as a magnetic sextet, raising the acquisition temperature leads to a conversion of the magnetic sextet into quadrupole doublets (Figure 4, spectrum B) . At 150 K the magnetic sextet is no longer present and the doublet species can be fitted to two quadrupole doublets of equal intensity, with the same isomer shift of 0.44 + − 0.01 mm/s and E Q1 = 0.61 + − 0.02 and E Q2 = 1.05 + − 0.02 mm/s. Such type of behaviour is typical of superparamagnetic systems and can be associated to the formation of iron mineral core [36] . The high-temperature spectrum of the 2 min-reacted sample (Figure 3 , spectrum C, low-temperature spectrum) is represented in Figure 5 . A fit to the spectrum can be obtained with two components: 41 + − 3 % corresponding to a set of three quadrupole doublets representative of the three diferric intermediates used in the interpretation of spectra B and C in Figure 3 , and the remaining absorption can be explained by the spectral shape of spectrum B in Figure 4 , in full agreement with the spectroscopic analysis and interpretation done for the lowtemperature data (see Figure 3) .
On The evidence discussed above led us to test DNA binding and protection activities against DNase cleavage and hydroxyl radical-induced damage. The agarose gel shown in Figure 6 (A) is a representative EMSA of D. vulgaris rBfr binding to supercoiled plasmid DNA in 50 mM Mops buffer (pH 7) and 50 mM NaCl. Binding of rBfr to supercoiled DNA generates larger DNAprotein complexes that migrate slower than free DNA ( Figure 6A) . A bimodal distribution between protein-bound and unbound DNA is observed, with a shifting of the entire population of free DNA as a relatively sharp band with increasing concentrations of rBfr. In the experimental conditions tested, apparent saturation is obtained at 5 μM rBfr. DNA binding is specific to rBfr, since substitution with 4.4 μM BSA (a protein that does not bind DNA) did not cause any retardation of the free DNA band ( Figure 6A ). The fractional complex formation for rBfr with supercoiled DNA was determined, with the best fits obtained using non-linear fits to the Hill equation ( Figure 6B ). In our experimental conditions we calculated an apparent dissociation constant, K d , of 1.5 + − 0.3 μM and a Hill coefficient, n, of 1.3 + − 0.2. The Hill coefficient indicates a modest positive co-operativity on DNA binding and is comparable with the values reported in the literature for binding of Deinococcus radiodurans DPS-1 to a 26-bp DNA duplex [38] . Incubation of the protein with DNA at higher ionic strength, 200 mM Mops buffer (pH 7) and 200 mM NaCl, diminished the retardation effect, shifting the entire population of the free DNA band at much higher protein concentrations (results not shown).
To ascertain the affinity of rBfr to different DNA topologies, we tested the binding of the protein (apo-form or iron-loaded form), in 50 mM Mops buffer (pH 7) containing 50 mM NaCl, with EcoRI-digested pUC19. In this case, formation of DNAprotein complexes was not observed (results not shown), leading to the conclusion that, under these experimental conditions, D. vulgaris rBfr does not bind to long linear DNA fragments. Since the sequence of the linearized DNA is the same as that of the supercoiled DNA (in both experiments pUC19 was used), rBfr must recognize some structural features on the supercoiled form.
To infer if the size of the linear DNA duplex was important, rBfr was incubated with a short double-stranded DNA (20 bp), with a normal G + C content, at the same ionic strength and pH conditions. The results are shown in Figure 7 . The mobilityshift assay ( Figure 7A) shows that, in the experimental conditions tested, rBfr binds short DNA duplex with lower affinity when compared with supercoiled plasmid DNA, since no sharp band with higher molecular mass is observed. Instead, a smear of the DNA-protein complexes is observed (lanes 1-3) , indicating that the complexes are not stable and probably dissociate during electrophoresis. For this reason the intensities of free DNA and complex bands is plotted on the right-hand side of the gel (Figure 7B ), allowing the detection of a higher-intensity band of the DNA-protein complex at higher rBfr concentrations and demonstrating binding of rBfr to the DNA. Once again, these results agree with preferential binding of rBfr to supercoiled forms.
To investigate DNA protection and condensation by D. vulgaris rBfr, DNase I hydrolysis was assayed (Figure 8 ). When plasmid DNA was reacted with DNase I ( Figure 8A , lane 2) complete hydrolysis occurred. Pre-incubation of the same DNA with aporBfr ( Figure 8A , lane 3) at pH 7 followed by exposure to DNase prevented the degradation of DNA by the nuclease. The formation of DNA-Bfr complexes physically shielded the accessibility of the endonuclease to its substrate. The effect of hydroxyl radicals on DNA is very well documented, resulting in breaks in the double helix molecule. Figure 8(B) shows the result of plasmid DNA protection assays against hydroxyl radical-induced damage. DNA was exposed to H 2 O 2 and Fe 2 + , after pre-incubation with apo-rBfr, haemreconstituted rBfr or rBfr pre-loaded with 100 Fe 2 + /protein molecule. Exposure of DNA to H 2 O 2 and Fe 2 + atoms in the absence of Bfr ( Figure 8B , lane 2) results in its complete degradation. Upon pre-incubation with rBfr, DNA protection is observed independently of the protein's haem or non-haem iron content, as can be inferred from observation of lanes 3-5 ( Figure 8B ) of the agarose gel. Unlike the previous assays, the reaction was stopped by incubation with SDS at 85
• C, resulting in disruption of the DNA-protein complex, which allows DNA to freely migrate in the gel. This experiment shows that D. vulgaris rBfr protects DNA against Fenton reaction-mediated damage, as observed with DPS-like proteins.
DISCUSSION
D. vulgaris rBfr was purified in the apo-form, with almost no iron (haem and non-haem) present, avoiding all protein manipulation to remove non-haem iron. The primary sequence shows conservation of ligands of the metal centres, haem and ferroxidase.
The present study demonstrates that D. vulgaris rBfr is able to oxidize Fe 2 + ions using H 2 O 2 as a co-substrate, being, however, is almost inactive in the presence of O 2 , regarding the ferroxidase reaction, thereby resembling most DPS proteins. By RFQ Mössbauer spectroscopy we were able to identify the diferric catalytic intermediates previously observed in the rapid iron oxidation reaction by vertebrate Fts [18] , suggesting at least part of a common ferroxidation mechanism. Also, for the 36 Fe 2 + /Bfr sample, we estimated that after 2 min all of the iron is in the Fe 3 + state, with almost 60 % of the total iron already in a small mineral form. This indicates that the final product of the reaction is the solid Fe 3 + mineral core, as observed in all of the proteins of the Ft family. We should stress that because the ferroxidase site is labile in D. vulgaris rBfr, it cannot be assumed that this is a general feature among Bfr-type proteins. In fact, evidence exists that supports both labile and non-labile ferroxidase sites in Pseudomonas aeruginosa and E. coli Bfr respectively [39, 40] Although H 2 O 2 has been said to be the preferred oxidant for E. coli Bfr [41] ([42] and references therein). Similar values were reported for the HP-NAP from Helicobacter pylori, a neutrophilactivating protein from the DPS family, ranging from about 3 to 10 μM for binding to linearized and a 27-bp short double-stranded DNA respectively [43] . In addition, Trichodesmium erythraeum DPS was described to bind plasmid DNA (pUC19) with a K d value of approximately 16 μM [44] . All of these proteins bind in a non-specific manner to DNA. It should be noted that direct comparison of apparent dissociation constant values is difficult since affinity depends on several experimental conditions, such as the sequence, size and topology of the DNA substrate, pH, ionic strength, temperature, or presence of divalent metals in the binding reaction. Since the intracellular concentration of D. vulgaris Bfr is unknown, one cannot infer about the physiological significance of the apparent weak DNA-binding affinity of this physiologically relevant since its intracellular concentration is between 10 and 100 μM [42] . Indeed, it was proposed that E. coli IHF may help DNA compaction in the stationary growth phase by introducing bends in the DNA, which would be stabilized in more compact forms by DPS ( [45] and references therein).
The single sharp band of the supercoiled plasmid DNA-protein complex can be explained as: a change of the plasmid DNA topology due to the binding of rBfr, such as relaxation of the supercoiled form; or a different mechanism of condensation of circular DNA when compared with the E. coli DPS one, which involves DNA condensation and self-aggregation of the protein [43] . Ceci et al. [43] demonstrated by EMSA and atomic force microscopy that, at pH 6.3, E. coli DPS self-aggregated and condensed DNA, whereas the DPS 18 variant lacking the positively charged amino acid at the N-terminal region did bind, but was unable to condense DNA. In this case DPS molecules bound to DNA randomly and appeared as 'beads on a string'. Therefore, by comparison with the well-studied E. coli DPS DNA-binding behaviour, one could infer that in the experimental conditions tested: (i) D. vulgaris rBfr binds plasmid DNA, but does not condense it; or (ii) rBfr binds DNA with a different mechanism when compared with the one proposed for E. coli DPS. The ability of this protein to bind and condense DNA has been associated to the self-aggregation capacity of the protein.
Formation of large DNA-protein condensates has been proven to be associated to the presence of a mobile positively charged Nterminal extension [46] . In general, it is thought that DPS proteins interact with DNA through positively charged lysine and/or arginine residues present in their N-terminal extensions, like the three lysine and one arginine residues in E. coli DPS [11] , or Cterminal chains, such as the two arginine and one lysine residues in the longer C-terminal region of Mycobacterium smegmatis [13] .
In the experimental conditions tested, rBfr does not bind to long linear DNA molecules, which could be due to the occurrence of unusual DNA structures that would not be recognized by the protein. Preferential binding to supercoiled DNA structures has also been described to occur in other DNA-binding proteins, namely the histone-like HU proteins [47] or linker histone H1 isolated from chicken erythrocytes [48] . This type of protein is involved in genomic DNA compaction and stabilization. In particular, linker histones are multifunctional proteins that interact non-specifically with DNA, stabilizing both the nucleosome and the condensed chromatin structures in eukaryotes. At low ionic strength, linker H1 protein seems to interact preferentially with supercoiled pBR322 DNA over linear or relaxed circular forms. The affinity for superhelical DNA was associated with crossovers of the duplex strands as a result of the plectonemic writhing of the supercoiled form [48] .
The only known crystal structure of a Bfr isolated from a Desulfovibrio bacterium is the one from D. desulfuricans [21] . Inspection of the structure does not show a mobile terminal extension such as the one observed in E. coli DPS. Comparison of the primary structure (Figure 1 ) of both proteins shows a high degree of identity (71 %), and if they adopt a similar folding pattern D. vulgaris Bfr would not have mobile terminal extensions and thus not self-aggregate and consequently not condense DNA, explaining the observation of a DNA-rBfr complex with lower molecular mass than the one observed for E. coli DPS. Nevertheless, analysis of the amino acid sequence of D. vulgaris rBfr leads to the identification of N-and Cterminal regions with positively charged amino acids. The region comprising the first 22 residues (D. vulgaris numbering) contains five positively charged amino acids (Arg 3 and Lys 2 ) and three negatively charged residues at physiological pH. The C-terminal region (accounting for the last 31 residues) contains Lys 3 and Arg 1 that are positively charged. One or both of these regions could account for rBfr's DNA-binding ability. On the basis of this fact it would be expected that D. vulgaris rBfr would have the capability to protect DNA from DNase I cleavage. Indeed reaction of plasmid DNA with rBfr prevents hydrolysis by nucleases ( Figure 8A ), which in the E. coli DPS and other DPS proteins has been associated with a condensation process around the protein in a non-specific associative manner [43, 49] . This condensation ability of E. coli DPS is believed to be due to the aggregation properties of the protein. Unlike the E. coli DPS, D. vulgaris rBfr does not precipitate in the absence of DNA. D. vulgaris rBfr also protects DNA from radical species formed from reaction of Fe 2 + with H 2 O 2 , independently of its iron or haem content. This activity is more related to Bfr's ability to rapidly oxidize iron, using H 2 O 2 as an efficient oxidant, than with its DNA-binding activity.
For long time, D. vulgaris was thought to be a strict anaerobe, unable to survive in the presence of O 2 . The idea has been proven wrong based on the observation that D. vulgaris can be found in some environments temporarily exposed to O 2 , which enhances the vital requirement of a competent oxidative stress response system in this bacterium.
The role of Bfr in bacteria that co-express multiple proteins with rapid iron oxidation activity has been for long time puzzling and redundant. On the basis of the above data and conclusions, we propose that in the D. vulgaris bacterium, which co-expresses a Ft, Bfr has a DPS-like function. In summary we postulate that in bacteria that do not express a DPS, such as D. vulgaris, Bfr may adopt such a function. To infer about the production of native E. coli Bfr, the host E. coli BL21(DE3) cells were transformed with the overexpression vector pET-21c (Novagen) and grown in parallel with a culture prepared with the same cells, but harbouring the pET-21c vector containing the D. vulgaris Bfr-encoding gene, in the overproduction conditions described in the text of the main paper. The Figure shows the SDS/PAGE overproduction profile of these two cultures. Lane 2 represents the protein content of E. coli BL21(DE3) cells harbouring the overexpressing vector pET-21c (Novagen) before induction with 0.1 mM of IPTG (isopropyl β-D-thiogalactopyranoside), whereas lane 3 displays the protein content of the same culture grown overnight. Lane 4 represents the culture harbouring the overexpression system (pET-c21-Bfr) for production of D. vulgaris Bfr before induction with IPTG and on lane 5 after overnight induction. From the analysis of the gel one can conclude that, under the experimental conditions used, there is no significant production of native E. coli Bfr (no band at around 20 kDa on lanes 2 and 3). It should be mentioned that all of the samples applied on the electrophoresis gel were normalized and thus comparison of intensities is possible. Molecular masses (MM) are shown on the left-hand side in kDa.
